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(54) HYDROGEN-OCCLUDING MATERIAL AND PROCESS FOR PRODUCING THE SAME 



(57) A hydrogen-occluding material (1) which has 
the excellent ability to occlude hydrogen, has a hydro- 
gen release temperature which is so low as not to con- 
stitute a serious obstacle to the use thereof, and can be 
mass-produced. The material (1) has a structure capa- 
ble of lamellar deformation accompanied by plastic de- 



formation. In the structure capable of lamellar deforma- 
tion, one layer (2) comprises a Group 2A, 3A, or 4A el- 
ement or an alloy or compound containing at least one 
of Groups 2A, 3A, and 4A elements, and the layers (3) 
in contact with the layer (2) comprise a Group 6A, 7A, 
or 8A element or an alloy or compound containing at 
least one of Groups 6 A, 7A, and 8A elements. 
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Description 

Technical Field 

5 [0001] The present invention relates to a hydrogen storage material, and more particularly, relates to a hydrogen , 
storage material having excellent hydrogen storage capability and also a reduced hydrogen desorption temperature, 
and a manufacturing method of the same. 

Background Art 

10 

[0002] With growing interest in the hydrogen energy systems, research and development of the hydrogen storage 
materials have been actively conducted searching for materials for use in storage and transport of hydrogen, separation 
and refinement of hydrogen gas, energy conversion apparatuses, and the like. The research and development has 
shown that the hydrogen storage materials subjected to repeated hydrogen absorption and desorption are pulverized 

15 in a crumbling manner. Thus, materials having excellent hydrogen storage capability and also being highly resistant 
to pulverization resulting from the repeated absorption and desorption of hydrogen have been strongly demanded. In 
response to this, a proposal has been made to recommend a material having a thin-film laminated structure formed 
from a group 4A metal and any one of the group 6A, 7A and 8A metals (Japanese Laid-Open Publication No. 9-59001). 
Such a laminated, thin film body has a highly increased resistance to pulverization resulting from absorption and de- 

20 sorption of hydrogen. Moreover, since the group 4A metals having an hep structure in the state of a bulk material have 
a bec structure in the thin-film, laminated structure, the number of interstitial sites that may store hydrogen is increased. 
Since the group 4A metals originally have strong bonding power with hydrogen and thus have high hydrogen absorbing 
capability, the increased interstitial site density results in increased hydrogen storage capability. Accordingly, materials 
being less susceptible to pulverization and having extremely high hydrogen storage capability can be obtained from 

25 the above-mentioned material having a thin-film, laminated structure formed from a group 4A metal and any one of 
the group 6A, 7A and 8A metals. 

[0003] However, the above-mentioned thin-film, laminated material includes a group 4A element, Ti, and therefore 
is heavy in weight. Moreover, mass production of the thin-film, laminated material is restricted in terms of resources, 
thereby necessarily making the material highly expensive beyond the price suitable for practical use, as an industrial 

30 material of this type. Accordingly, an element alternative to the group 4A metals had been sought. As a result, it was 
found that the group 2A and 3A metals have the capability similar to that of the group 4A metals in terms of the hydrogen 
storage capability, and a hydrogen storage laminated material was proposed which has a group 2A or 3A metal sub- 
stituted for a group 4A metal (Japanese Patent Application No. 11-165890). For example, Mg of the group 2 A elements 
is rich in resources and also light in weight. Therefore, it has become possible to obtain an inexpensive, lightweight 

35 laminated material being less susceptible to pulverization and also, having excellent hydrogen storage capability. 

[0004] It is an object of the present invention to provide a hydrogen storage material having high hydrogen storage 
capability and also having such a low hydrogen desorption temperature as not to significantly hinder the daily, easy 
use of the nickel-hydrogen secondary batteries, hydrogen-utilizing fuel cells, hydrogen-utilizing energy conversion sys- 
tems and the like, and more specifically, as low as 150°C or less, and capable of being mass-produced, and a manu- 

40 facturing method of the same. 

Disclosure of Invention 

[0005] A hydrogen storage material of the present invention includes a layered deformation structure formed in a 
45 starting material subjected to plastic deformation, wherein one layer of the layered deformation structure is formed 
from an alloy or compound including an element of groups 2A, 3A and 4A or an element of at least one of the groups 
2A, 3A and 4A, and another layer being in contact with the one layer is formed from an alloy or compound including 
an element of groups 6A, 7A and 8A or an element of at least one of the groups 6A, 7A and 8A. 
[0006] With this layered deformation structure, contact between one layer and another layer is assured, and one 
50 layer is likely to include a bec crystal structure, whereby the interstitial site density for storing hydrogen can be increased. 
Moreover, since'the layered deformation structure is realized by plastic deformation, defects such as dislocations and 
lamination defects are formed at a high density, so that hydrogen is trapped in the defect portions, resulting in improved 
hydrogen storage capability. Moreover, since the defect portions serve as a fast hydrogen diffusion path, formation of 
the defect portions at a high density significantly reduces the hydrogen desorption temperature. In addition, since the 
55 hydrogen storage material can be manufactured by processing means such as rolling, a practically required amount 
on the order of tons can be produced in a short period with high efficiency. 

[0007] Note that, the layered deformation structure refers to the structure formed from laminated dissimilar materials 
subjected to strong deformation working involving plastic deformation as shown in Figs. 1 and 2, and is different from 
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the structure shown in Fig. 3 that is conventionally known as a laminated structure. In the structure shown in Fig. 1, 
each layer extends uniformly in the rolling, wire-drawirig direction, whereas in the structure shown in Fig. 2, a portion 
where each layer extends uniformly is randomly folded. 

[0008] In the case where fast diffusion of the hydrogen atoms in the defect portions is important, or otherwise, the 
5 above-mentioned hydrogen storage material has a defect density resulting from such strong deformation working that 
causes a half-band width of at least one of main diffraction peaks in an X-ray diffraction pattern of the layered defor- 
mation structure to be 0.2° or more. 

[0009] The density of defects such as dislocations and lamination defects can be evaluated by the half-band width 
of an X-ray diffraction peak. Normally, in order to increase the hydrogen diffusion velocity, the half-band width is 0.2° 

10 or more, preferably 0.5° or more, and most preferably 1° or more. Impurity segregation is likely to occur in the defect 
portions, and such impurity segregation results in biased charges. These biased charges are considered to have a 
function to attract and trap hydrogen. In order to clearly induce this hydrogen trapping function, the half-band width is 
preferably 0.5° or more. However, it is not necessarily desirable to increase the half-band width, and it is not preferable 
that the strong deformation working causes an amorphous state, i.e., the state where X-ray diffraction does not have 

is clear diffraction peaks. In the amorphous state, the bond structure forming the crystal structure is disconnected, and 
the hydrogen atoms are strongly trapped in this disconnected bond structure. Therefore, the hydrogen storage capacity 
is increased , but the amount of hydrogen capable of being desorbed at a practical temperature is significantly reduced. 
Note that the main diffraction peaks refer to the highest three peaks among the diffraction peaks of a material that is 
to be subjected to the X-ray diffraction. Alternatively, in the case of a material having many diffraction peaks, the main 

20 diffraction peaks may refer to the highest five peaks, instead of the highest three peaks. A half-band width can be easily 
read on the chart. However, a diffraction peak that already has a half-band width of 0.2° or more before plastic working 
is excluded from the measurement. Alloys having precipitations produced therein and the like have a diffraction line 
with a half-band width of 0.2° or more. Accordingly, such a diffraction line is excluded from the measurement. 
[0010] In the case where it is important in the above-mentioned hydrogen storage material to assure a large contact 

25 area between one layer and another layer and obtain a high defect density, or otherwise, one layer of the layered 
deformation structure has a thickness of 10 nm or less. 

[0011] Reduction in thickness of one layer of the layered deformation structure means strong deformation working 
involving plastic deformation, and also means elimination of the automorphic function due to the reduced thickness, i. 
e., elimination of the capability to form an originally stable crystal structure (such as a phenomenon of easy phase 

30 transition from hexagonal to cubic), formation of a fast hydrogen diffusion path and production of high-density defects 
serving as a hydrogen trapping source. Moreover, a large contact area can be assured between one layer and another 
layer. More specifically, the thickness of one layer of the layered deformation structure can be used as an index of a 
high defect density and large contact area. This thickness indicates an average thickness of the thickest portions of 
each layer. In the case where two one layers are continuously formed, measurement is conducted considering that 

35 these two layers are separated at the surface of one of the two layers. The thickness exceeding 10 nm results in an 
insufficient defect density and contact area, and thus results in an insufficient hydrogen storage capacity, so that the 
hydrogen desorption temperature exceeds the practical value. A thin film sample is obtained which has the cross 
section in the direction perpendicular to the processing direction as its surface. The thickness of the sample is measured 
with a transmission electron microscope (TEM) for ten fields or more, at least at ten positions per field, whereby an 

40 average thickness of one layers is obtained. In the case of the powder subjected to mechanical alloying having an 
unclear processing direction, the above-mentioned thickness is obtained by statistical processing of the measurements 
of ten fields or more, at ten positions or more per field. 

[0012] A method for manufacturing a hydrogen storage material according to the present invention includes the step 
of conducting strong deformation working involving plastic deformation to a starting material including: one or more 
45 materials selected from alloys or compounds including an element of groups 2A, 3A and 4A or an element of at least 
one of the groups 2A, 3A and 4A; and one or more materials selected from alloys or compounds including an element 
of groups 6A, 7A and 8A or an element of at least one of the groups 6A, 7A and 8A. 

[0013] The strong deformation working involving plastic deformation introduces defects such as dislocations and 

lamination defects into the crystal lattice. As the number of times of the processing is increased, the dislocations, 
so lamination defects and the like transition into the state where the defects are accumulated in a tangled manner. These 

defectaccumulated portions improve the hydrogen diffusion velocity, and function as a fast hydrogen diffusion path. 

Moreover, impurity segregation is likely to occur in the defects, and such impurity segregation induces biased charges. 

The biased charge portions function as hydrogen-atom trapping sites, and therefore increase the hydrogen storage 

capacity itself. Moreover, the strong deformation working involving plastic deformation increases the contact area be- 
55 tween one layer and another layer in the layered deformation structure, and one layer is likely to include a bcc structure. 

If the bcc structure is included, the density of interstitial sites for storing hydrogen atoms is increased, whereby the 

hydrogen storage capability is enhanced. 

[0014] In the above-mentioned method for manufacturing a hydrogen storage material, in the case where it is im- 
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portant to increase the defect density to a prescribed value or more and to sufficiently reduce the thickness of each 
constituent layer of the layered deformation structure, or otherwise, the material subjected to the strong deformation ^ 
working involving plastic deformation is again laminated to form a starting material, and the starting material is further 
subjected to strong deformation working involving plastic deformation. 

5 [0015] The above-mentioned method allows the material to be effectively subjected to large plastic deformation. 
[001 6] In the above-mentioned method for manufacturing a hydrogen storage material, in the case where the layered 
deformation structure is not likely to be formed after the material was formed into a plate or line shape, or otherwise, 
the starting material is in a form of powder or pellet. The starting material is enclosed in a ductile pipe, and the resultant 
pipe is formed into a plate or line shape, and subjected to the strong deformation working. Alternatively, the strong 

10 deformation working involving plastic deformation is conducted by mechanical alloying. 

[0017] The mechanical alloying causes the layered deformation structure to be formed at the surface or into the 
inside of the material in the powder state. Therefore, a preforming body can be made from this powder, and processed 
into a desired shape. As a result, a component having both high hydrogen storage capability and low hydrogen des- 
orption temperature can be obtained without restriction on the shape. 

15 [0018] In the above-mentioned method for manufacturing a hydrogen storage material, in the case where the tem- 
perature rises or annealing is conducted during plastic deformation, or otherwise, the strong deformation working in- 
volving plastic deformation, or annealing is conducted in a temperature range corresponding to 80% or less of a melting 
point of a material selected as the starting material. 

[001 9] If the temperature exceeds 80% of the melting point, alloying progresses between the dissimilar layers, where- 
20 by the intention to make the dissimilar materials in contact with each other is hindered. The melting point as used 
herein generally indicates the melting point of a material having a higher melting point out of the dissimilar materials. 
However, in the case where a high-melting-point material is selectively diffused into a low-melting-point material, the 
melting point of the low-melting-point material may be possible in order to reduce the diffusion driving force in terms 
of prevention of the progress in alloying. Moreover, if the temperature exceeds 80% of the melting point, the density 
25 of dislocations and lamination defects is reduced, so that the hydrogen storage capability is not degraded and also the 
hydrogen desorption temperature is not reduced. Note that the melting point is indicated in centigrade °C, and the 
above-mentioned temperature range indicates a temperature in centigrade °C that is equal to or lower than 80% of 
the melting point in centigrade °C. 

30 Brief Description of Drawings 

[0020] Fig. 1 is a schematic diagram showing one layered deformation structure recognized in a hydrogen storage 
material of the present invention. 

[0021] Fig. 2 is a schematic diagram showing another layered deformation structure recognized in a hydrogen storage 
35 material of the present invention. 

[0022] Fig. 3 is a schematic diagram showing a conventional laminated structure. 

[0023] Fig. 4 is a schematic diagram showing the structure of an apparatus for realizing hydrogen storage treatment. 
Best Mode for Carrying Out the Invention 

40 

(Embodiment 1: Rolling) 

[0024] First, Embodiment 1 will be described in which a layered deformation structure according to the present in- 
vention is formed by rolling. Combinations of one of the group 2A, 3A and 4A metals and one of the group 6A, 7A and 

45 8A metals as shown in Present Example Nos. 1 to 12 of Table 1 were used. One of the group 2A, 3A and 4A metals 
is herein referred to as one layer, and one of the group 6A, 7A and 8A metals is herein referred to as another layer, 
but one layer and another layer are not necessarily alternately, regularly arranged. The arrangement is not regular in 
a portion where one layer is severed due to strong deformation working. In the following description, the group 2A, 3A 
and 4A metals are referred to as L-type metals, and the group 6A, 7A and 8A metals are referred to as H-type metals. 

so Examples such as combinations of layers respectively formed from two of the H-type metals and a layer formed from 
one of the L-type metals which is interposed therebetween, as shown in Present Examples Nos. 13 to 17, were used. 
For example, for No. 13, the combination shown in Table 1 is repeated, so that the H-type metal layers are in contact 
with each other at the boundary between the repeated combinations. Among Nos. 13 to 17, Present Example No. 15 
is formed from layers of two metals: an L-type metal and an H-type metal, wherein Mi-Si compound (magnesium siiicide) 

55 is used as the L-type metal. 

[0025] Hereinafter, a method for manufacturing specimens of Present Examples Nos. 1 to 12 will be described. A 
plate of a single L-type metal having a thickness of 1 mm was pickled, and then annealed in high temperature vacuum 
so as to sufficiently remove a surface oxide film into a clean surface. The step of removing the surface oxide film may 



A 
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be conducted only by pickling, or may be conducted by annealing in hydrogen or Ar atmosphere without conducting 
pickling. Alternatively, the surface oxide film may be removed by machine cutting. Then, a plate of a single H-type 
metal having a thickness of 1 mm was subjected to the same treatment, and then a surface oxide film was similarly 
removed into a clean surface. Thereafter, the resultant surface-cleaned plates are alternately laminated one by one 
5 into a laminated body of 20 plates in total (nominal thickness: 20 mm). Using this laminated body as a rolling material, 
multipass rolling was conducted with a rolling reduction ratio of 10% to 50% per pass. Heating was not conducted 
before rolling, and the processing speed and inter-pass time interval were adjusted such that the temperature did not 
exceed 300°C during rolling due to the processing heat. 

[0026] The thickness of the laminated body was measured after each roll pass. At the thickness of 10 mm, the 
10 laminated body was severed at the center such that the length in the rolling direction was halved. Impurities such as 
surface lubricating oil adhering to the surface of each laminated body were removed by pickling and annealing in high 
temperature vacuum. These halved, surface-cleaned laminated bodies were further laminated into a rolling material 
having a nominal thickness of 20 mm, and rolling was again repeated. This process of rolling, severing, surface cleaning 
and formation of the laminated body as a rolling material were repeated 15 times or more in total, or 20 times or more 
15 depending on the specimens, so that the thickness of each layer fell in the range of 1 to 1 0 nm. Note that two laminated 
bodies each having a thickness of 1 0 mm before lamination were laminated this time. Practically, however, the thickness 
may be greater than or smaller than 1 0 mm, and the same effects can be obtained even if two or more laminated bodies 
are laminated. In the case where significant breakage occurred during rolling, annealing was conducted so as to im- 
prove processability. However, the annealing temperature must be equal to or lower than the temperature that does 
20 not induce diffusion between the L-type metal layer and the M-type metal layer, for example, 300°C or less. 



Table 1 



25 



50 



55 





Material f^omKinati r*n 


HvHrnnpn Storaoe 
nyuiuyci i w iwi oyc 

Capacity (HIM) 


XRD Peak Showina 
bcc Structure 


Defects 


Present Example 


1 


Ti/Cr 


3.0 


Exist 


Exist 




2 


Ti/Ni 


2.5 


None 


Exist 




3 


Ti/Fe 


2.5 


Exist 


Exist 




4 


Mg/Cr 


2.5 


Exist 


Exist 




5 


Mg/Ni 


2.5 


None 


Exist 




6 


Ca- Mg/Cr 


2.5 


Exist 


Exist 




7 


Y/Ni 


3.0 


* None 


Exist 




8 


Y/Cr 


2.5 


Exist 


Exist 




9 


La/Ni 


2.5 


None 


Exist 




10 


La/Cr 


2.5 


Exist 


Exist 




11 


Yb/Ni 


2.5 


Exist 


Exist 




12 


Yb/Cr 


2.5 


Exist 


Exist 




13 


Cr/Mg/Ni 


3.0 


Exist 


Exist 




14 


Ti/Mg/Ni 


3.0 


None 


Exist 




15 


Mg-Si/Ni 


2.0 


Exist 


Exist 




16 


Mg/Cr/Ti 


2.5 


Exist 


Exist 




17 


Fe/Mg/Cr 


2.0 


Exist 


Exist 


Comparative 


18 


MgNi 5 


1.5 


None 


None 


Example 


19 


CaNi 5 


1.0 


None 


None 




20 


LaNi 5 


1.0 


None 


None 




21 


LaCr 5 


0.5 


None 


None 



[0027] The specimens of Present Example Nos. 13 to 17 of Table 1 are basically made by the same method as the 
above-described rolling method except that the laminated body as a rolling material is formed from three types of thin 
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plates. However, Present Example No. 1 5 is formed from two types of thin plates, one of them being Mg-Si compound 
(magnesium silicide). 

[0028] A thin film was cut out as a hydrogen storage specimen from the specimen made by the above-described 
method. This hydrogen storage specimen was subjected to hydrogen storage treatment by an electrolytic charge meth- 

5 od. An apparatus for conducting the hydrogen storage treatment is shown in Fig. 4. Referring to Fig. 4, in conducting „ 
the hydrogen storage treatment, a specimen 10 was soaked in a 0.1 M NaOH solution and a Pt counter electrode 12 
was soaked in a 0.5 M K2SO4 solution. A negative current was applied to the specimen 10, whereas a positive current 
was applied to the Pt counter electrode 1 2, both for a predetermined time period by means of a constant-current power 
supply 1 1 . TR6120A made by Advantest was used as the constant-current power supply 1 1 . Note that the current value 

10 was basically 10 mA, and the current application time was set to one hour. A value as given by current (A) x time (s) 
corresponds to the quantity of electricity, and this value was used to calculate the hydrogen generation amount by the 
electrolysis based on Faraday's law. Measurement of stored hydrogen was conducted with EMGA621 made by Horiba. 
This apparatus is capable of conducting any one of hydrogen absolute quantity analysis and temperature-programmed 
analysis. Specifically, the hydrogen storage capacity was obtained by the following method: first, the specimen is 

15 warmed up, and hydrogen leaving the specimen is quantified by gas analysis. Subsequently, the specimen having 
discharged hydrogen is dissolved in acid, and the specimen is quantified by chemical analysis. H/M was obtained from 
both quantitative values. Bulk materials were used in comparative examples. 

[0029] A sample of the thickness cross section of the plate subjected to the final rolling was cut out, and a thin film 
was made therefrom for transmission electron microscopic observation (TEM). Moreover, an X-ray diffraction pattern 

20 for the thickness cross section was obtained by a 26 method and analyzed. One purpose of obtaining the X-ray dif- 
fraction pattern is to examine whether or not an L-type metal having an hep structure in the bulk material partially 
includes a bec structure in the layered deformation structure. Another purpose is to measure the half-band width of an 
appropriate diffraction peak and thereby determine whether or not the high-density defects such as dislocations or 
lamination defects introduced by plastic working such as rolling still remain in the final state. In Table 1, defect deter- 

25 mination was conducted as follows: for the samples prior to the hydrogen storage treatment, the half-band width of a 
clearly recognized, attributable X-ray diffraction peak was measured. The samples having a half-band width of 1° or 
more are denoted with "Exist" in the column "Defects", whereas the samples having a half-band width less than 1° are 
denoted with "None". 

[0030] The test result is shown in Table 1 . Every sample of the Present Examples in Table 1 had a layered deformation 
30 structure as shown in Fig. 1 or 2 within the same sample. According to the TEM observation, the respective thicknesses 
of the L-type metal layer and H-type metal layer were not uniform in the plate thickness direction, but were reduced to 
the range of 10 nm to 1 nm. Referring to Fig. 1 , a layered deformation structure 1 includes one layer 2 including an L- 
type metal element and another layer 3 including an H-type metal element, and each of the layers typically uniformly 
extend in the processing direction. One layer and another layer are alternately arranged in some portions, but are not 

35 necessarily alternate. Another layer is continuously formed in a separated part 4 of one layer. Similarly, one layer is 
continuously formed in a separated part 5 of another layer. In a part of the sample, a portion having a clear processing 
direction is folded as shown in Fig. 2, so that the random crystal grains assemble together as a whole. The structure 
shown in Fig. 2 was often recognized in a portion processed to a high processing degree, such as the ends of the 
sample, but is not limited to the portion processed to a high processing degree. The layered deformation structure as 

40 recognized in the samples of the Present Examples is different from the conventional orderly structure having a uniform 
thickness shown in Fig. 3. In Fig. 3, a laminated structure 101 is comprised of one layer 102 and another layer 103 
both having a uniform thickness. Although these layers extend uniformly in the processing direction with a uniform 
thickness, such orderly arrangement is not always desirable. For example, the structure shown in Fig. 2 has an improved 
hydrogen moving speed because the directionality is lost as a whole. 

45 [0031] All of Present Examples Nos. 1 to 17 had H/N of 2.0 or more. Nos. 7 to 12 and No. 15 also had H/N of 2.0 or 
more. Among others, Present Examples Nos. 2, 5. 7, 9 and 14 have a high H/N value because of high-density defects, 
despite that they do not have a bec structure. The reason for this is as follows: as described above, impurity segregation 
is likely to occur in the vicinity of the defects, and such impurity segregation induces biased charges in the vicinity 
thereof, so that hydrogen atoms are trapped therein. 

50 [0032] In the case where strong rolling was conducted like Embodiment 1, a multiplicity of defects are introduced 
into the crystal. The defects thus introduced transition to a tangled state as the number of processing repetitions is 
increased. These defects not only improve the hydrogen storage capability as described above, but also serve as a 
fast hydrogen diffusion path and reduce a hydrogen desorption temperature. The defect density is evaluated by the 
half-band width of an X-ray diffraction peak. However, since a microcrystalline material on the order of nanometers is 

55 not likely to have dislocations in the crystal grains, the defect density as used herein does not necessarily indicate the 
dislocation density. In order to increase the hydrogen diffusion velocity, the half-band width is 0.2° or more, in order to 
further increase the hydrogen storage capacity, the half-band width of 0.5° or more is desirable. The Present Examples 
as denoted with "Exist" in the column "Defects" in Table 1 have a half-band width of 1 0 or more, and therefore significantly 
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contribute to improvement in H/M. 

[0033] In addition, Present Example No. 5 of Table 1 (Mg/Ni (molar ratio Mg : Ni = 2 : 1)) was subjected to the 
temperature-programmed analysis using the above-mentioned EMGA621 made by Horiba, so that the hydrogen de- 
sorption rate was obtained under the heating condition of the programming rate of 10°C/min f and compared with that 

s of a bulk material Mg 2 Ni. In Present Example No. 5, hydrogen desorption was recognized from 50°C, and the desorption 
rate was maximized at 100°C. On the other hand, the bulk material Mg 2 Ni desorbed hydrogen at a temperature of 
200°C to 300°C. Accordingly, by increasing the defect density by such strong deformation working that causes the 
half-band width of an X-ray diffraction peak to be 1° or more as described above, the hydrogen storage material ac- 
cording to the present invention can be practically used as a hydrogen supply source for the nickel-hydrogen secondary 

10 batteries and fuel cells. Unlike a manufacturing method using an ion plating method, this rolling manufacturing method 
is suitable for mass production, and enables the hydrogen storage material of the present invention to be manufactured 
on the order of tons with high productivity. 

(Embodiment 2: Wire Drawing) 1 

15 

[0034] First, Embodiment 2 will be described in which a laminated deformation structure according to the present 
invention is formed by wire drawing. Combinations of one of the L-type metals and one of the H-type metals as shown 
in Present Example Nos. 1 to 12 of Table 2 were used. Moreover, examples such as combinations of two of the H-type 
metals and one of the L-type metals as shown in Present Examples Nos. 13 to 17 were used. However. Present 
20 Example No. 15 is formed from plates of two metals: an L-type metal and an H-type metal, wherein Mi-Si compound 
(magnesium siiicide) is used as the L-type metal. 



. Table 2 



25 




Material 
Combination 


Composition 
Ratio (Molar 
Ratio) 


Hydrogen 
Storage 
Capacity (H/M) 


XRD Peak 
Showing bcc 
Structure ! 


Defects 




Present 


1 


Ti/Cr 


1:1 


3.0 


Exist 


Exist 


30 


Example 


2 


Ti/Ni 


2:1 


2.5 


None 


Exist 




3 


Ti/Fe 


1:1 


2.5 


Exist 


Exist 






4 


Mg/Cr 


2:1 


2.5 


Exist 


Exist 






5 


Mg/Ni 


2:1 


2.5 


None 


Exist 


35 




6 


Ca- Mg/Cr 


1:1:2 


2.5 


Exist 


Exist 






' 7 


Y/Ni 


1:1 


2.0 


None 


Exist 




i 


8 


Y/Cr 


1:1 


2.5 


Exist 


Exist 


40 




9 


La/Ni 


1:1 


2 -5 


None 


Exist 




10 


La/Cr 


1:1 


2.5 


Exist 


Exist 






11 


Yb/Ni 


2:1. 


2.5 


Exist 


Exist 






12 


Yb/Cr 


2:1 


2.5 


Exist 


Exist 


45 




13 


Cr/Mg/Ni 


1:2:1 


2.0 


Exist 


Exist 






14 


Ti/Mg/Ni 


1:1:1 


2.0 


None 


Exist 






15 


Mg-Si/Ni 


2:1:1 


2.0 


Exist 


Exist 


50 




16 


Mg/Cr/Ti 


1:1:2 


2.5 


Exist 


Exist 




17 


Fe/Mg/Cr 


1:1:1 


2.0 


Exist 


Exist 




Comparative 


18 


MgNi 5 




1.5 


None 


None 




Example 


19 


CaNi 5 




1.0 


None 


None 


55 




20 


LaNi 5 




1.0 


None 


None 






21 


LaCr 5 




0.5 


None 


None 
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[0035] Hereinafter, a method for manufacturing the specimens of Present Example Nos. 1 to 12 in Table 2 will be 
described. Powders of the L-type and H-type metals were prepared at each molar ratio shown in Table 2, and sufficiently . 
uniformly mixed. A copper pipe having an outer diameter of 20 mm and inner diameter of 16 mm was loaded with the 
resultant mixture. The diameter of each powder was 1 mm or less. The size of the powders is desirably 50 urn or less 
Thereafter the end of the copper pipe was closed, and subjected to wire drawing. The wire drawing was conducted . 
with a roller die, but swaging, drawing with a hole die, or rolling may also be possible. The wire drawing was conducted 
at the area reduction ratio of 5% to 30% per pass, and the total area reduction ratio was 96% or more. The total area 
reduction ratio is preferably 99.5% or more. The heat treatment at 300°C or less during wire drawing would facilitate 
the processing, and also improve the density due to increased adhesion between the powders. After the processing, 
copper on the surface of the wire was removed by chemical treatment or machining, whereby the wire formed from 
the mixed body of the L-type and H-type metals was obtained. Hydrogen specimens for measunng the hydrogen 
storage capability H/N were cut out from the wires. In addition, X-ray diffraction specimens were made as follows: the 
cross section of a bundle of a plurality of wires was cut out and embedded into a resin, and the resultant resin was 
polished. The HIM measurement method and X-ray diffraction method were conducted in the same manner as that of 

moSCT^Acrording to the test result shown in Table 2, the Present Examples have a high HIM value of 2.0 or more. 
Among these Nos. 2, 5, 7. 9 and 14 have a high HIM value, despite that they do not include a bcc structure in the L- 
type metal layer. As specifically described in Embodiment 1, this is because of a high defect density. More specifically, 
in the Present Examples, the half-band width of an X-ray diffraction peak is 1° or more, and therefore dislocations, 
lamination defects and the like are formed at a high density. On the other hand, the bulk materials of Comparative 
Example Nos. 18 to 21 have HIM in the range of 0.5 to 1.5. Moreover, Comparative Example Nos. 18 to 21 are sus- 
ceptible to pulverization as a result of repeated hydrogen absorption and desorption cycles, because they are bulk 

ra037] aS |n order to understand the effects of the above-mentioned high defect density on the hydrogen desorption 
temperature Present Example No. 5 of Table 2 was examined for hydrogen desorption. The examination method is 
the same as that described in Embodiment 1. As a result, it was found that Present Example No. 5 of Table 2 starts 
hydrogen desorption from 50°C and has the maximum desorption rate at 100°C. On the other hand, a bulk matenal 
Mg,Ni desorbed hydrogen at a temperature of 20O°C to 300°C. Accordingly, it was found that the wire drawing also 
introduces the high-density defects into the hydrogen storage material, and reduces the hydrogen desorption temper- 
ature by 1 00°C to 200°C. As a result, the hydrogen storage material can be used as a hydrogen supply source for the 
fuel cells and an electrode of the nickel-hydrogen secondary batteries that are used for articles of daily use. These 
wires are used directly as wires, or are formed into sheets or the like for use as the electrode of the nickel-hydrogen 
secondary batteries and the like. The above-described wire drawing enables the hydrogen storage matenal of the 
present invention to be manufactured on the order of tons with high productivity. 

(Embodiment 3: Mechanical Alloying) 

[0038] Using Mg pellets, Ni carbonyl powder and metal chromium powder as materials, the materials were premixed 
by a V-shaped mixer at the final composition ratio, and then the resultant mixture was subjected to mechanical alloying 
(MA) for 500 hours by means of a planetary ban mill with Ar gas enclosed therein. The powder thus obtained was 
preformed with a pressure of 500 MPa using a mold, heated to 300°C and then immediately extruded at the i extrusion 
ratio of 10 • 1 into a bat-Jike material. In Embodiment 3, a layered deformation structure was formed at the surface 
portion of each powder at the stage of mechanical alloying, and was extended by extrusion, so that the powders thus 
extended in the extruding direction overlap each other into a layered deformation structure Note that since Mg has a 
melting point of 651°C, Ni 1450"C and Cr 1890°C, the above-mentioned heating temperature of 300 C .s well wrth.n 
80% of the melting point of each material. More specifically, for Mg. the above-mentioned 80% temperature is 520.8 C. 
and the heating temperature of 300°C is lower than this value. 

[0039] A hydrogen specimen was obtained from the above-mentioned bar-like matenal. and HIM and hydrogen de- 
sorption temperature were measured by the same method as that of Embodiment 1 . The specimen of Embodiment 3 
had HIM of 2A Moreover, hydrogen desorption was started around 50°C. and the desorption rate was ma»^ I at 
a temperature in the range of 80°C to 100°C. About 80% of stored hydrogen had been desorbed at the tmethe 
temperature reached 100°C. Moreover, since the hydrogen storage material was started from the powders and thus 
had been pulverized in advance, pulverization of the hydrogen storage material did not significantly progress even 
after the repeated hydrogen absorption and desorption. 

(Embodiment 4: Cyclic Press) 

[0040] Using an Mg thin plate. Ni thin plate and Cr thin plate as materials, these plates were combined at the final 
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composition ratio, and uniformly sized and severed. Then, the end of the resultant material was semi-fixed by spot 
welding. Thereafter, the resultant material was pressed at the pressing force of 800 MPa in a simple mold. The laminated 
body thus obtained was halved, and the halved laminated bodies were surface-cleaned and then again laminated for 
pressing. This cycle of pressing, severing, surface cleaning, and formation of the laminated body as a pressed material 

5 was repeated 1,000 times, whereby a layered deformation structure was obtained. 

[0041] In this cyclic press method, the material began to be hardened approximately when the number of repetition 
times exceeded 200. Then, the material subjected to pressing 1 ,000 times was kept in 99.99%-pure hydrogen at 500°C 
for 24 hours in order to remove oxygen within the material. The hydrogen storage capacity of the resultant material 
was 3.0 in H/M, but the hydrogen absorption temperature and hydrogen desorption temperature were within 100°C 

10 from the room temperature, and the ratio of the desorption amount to the absorption amount was 80% or more. The 
reason why the hydrogen absorption temperature and desorption temperature were enabled to be within 100°C from 
the room temperature can be considered as follows: Mg having strong affinity to hydrogen was interposed between Ni 
and Cr, the materials having a different crystal structure therefrom, so that significant lattice distortion was generated 
in the crystal lattice of Mg, which increased the bond distance between hydrogen and Mg. Note that the heating tem- 

15 perature of 500°C in the above-mentioned hydrogen annealing is lower than 520.8°C, i.e., 80% of the melting point, 
651°C,ofMg. 

(Embodiment 5) 

20 [0042] The same processing material (starting material) as that of Embodiment 4 was rolled at the rolling reduction 
ratio of 20% by a rolling mill, and severing, surface cleaning, and formation of the laminated body were repeated 1 ,000 
times. The sample thus obtained was heated to 500°C in 99.99%-pure hydrogen and kept for 24 hours in order to 
remove oxygen within the sample. The hydrogen storage capacity of this sample was as high as 2.5 in H/M. The 
hydrogen absorption temperature and hydrogen desorption temperature were within 90°C from the room temperature, 

25 and the ratio of the desorption amount to the absorption amount was 85% or more. 

[0043] The reason why the hydrogen absorption temperature and desorption temperature were able to be within 
90° C from the room temperature can be considered as follows: Mg having strong affinity to hydrogen was interposed 
between Ni and Cr, the materials having a different crystal structure from Mg, so that significant lattice distortion was 
generated in the crystal lattice of Mg, which increased the bond distance between hydrogen and Mg. Particularly in 

30 the case of the rolling, the processing has directionality, so that the crystal lattice of Mg may have been extended in 
the processing direction. 

[0044] According to the present invention, a hydrogen storage material having high hydrogen storage capability and 
also having a hydrogen desorption temperature reduced to about 100°C can be provided by the method capable of 
mass production such as rolling. As a result, extensive utilization in the energy-related industries becomes possible 
35 including fuel cells and electrode materials of nickel-hydrogen secondary batteries for driving automobiles using a large 
amount of hydrogen storage material having a low hydrogen desorption temperature, hydrogen-utilizing energy con- 
version systems, and the like. 

[0045] Although embodiments of the present invention have been described, the embodiments disclosed above are 
by way of illustration and example only, and the scope of the present invention is not limited to these embodiments. 
to The scope of the present invention is defined by the appended claims, and includes all modifications within the sense 
and scope equivalent to the definition of the appended claims. 

Claims 

45 

1. A hydrogen storage material, wherein 

the hydrogen storage material has a layered deformation structure formed in a starting material subjected to 
plastic deformation, 

so one layer (2) of the layered deformation structure is formed from an alloy or compound including an element 

of groups 2A, 3A and 4A or an element of at least one of the groups 2A, 3A and 4A, and 
another layer (3) being in contact with the one layer is formed from an alloy or compound including an element 
of groups 6A, 7A and 8A or an element of at least one of the groups 6A, 7A and 8A. 

55 2. The hydrogen storage material according to claim 1, wherein the hydrogen storage material has a defect density 
resulting from such strong deformation working that causes a half-band width of at least one of main diffraction 
peaks in an X-ray diffraction pattern of the layered deformation structure to be 0.2° or more. 
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The hydrogen storage material according to claim 1, wherein the one layer of the layered deformation structure 
has a thickness of 10 nm or less. 

A method for manufacturing a hydrogen storage material, comprising the step of conducting strong deformation 
working involving plastic deformation to a starting material including: one or more materials selected from alloys 
or compounds including an element of groups 2A, 3A and 4A or an element of at least one of the groups 2A, 3A 
and 4A; and one or more materials selected from alloys or compounds including an element of groups 6A, 7A and 
8A or an element of at least one of the groups 6A, 7A and 8A. 

The method for manufacturing a hydrogen storage material according to claim 4, wherein the material subjected 
to the strong deformation working involving plastic deformation is again laminated and further subjected to strong 
deformation working involving plastic deformation. 

The method for manufacturing a hydrogen storage material according to claim 4, wherein the starting material is 
in a form of powder or pellet, and the strong deformation working involving plastic deformation is mechanical 
alloying. 

The method for manufacturing a hydrogen storage material according to claim 4, wherein the strong deformation 
working involving plastic deformation is conducted in a temperature range corresponding to 80% or less of a melting 
point of a material selected as the starting material. 

The method for manufacturing a hydrogen storage material according to claim 4, wherein in the strong deformation 
working involving plastic deformation, annealing is conducted in a temperature range corresponding to 80% or 
less of a melting point of a material selected as the starting material. 
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